Abstract: This article explores the development of retinal imaging, with particular emphasis on ultra-widefield imaging and the key concept of field of view. Two ultra-widefield imaging platforms are examined in detail-Optomap and Spectralis-noncontact imaging systems that include protocols for performing angiography in infants. Applications of ultra-widefield imaging are illustrated using case studies, including diagnosis, monitoring, and screening.
FIELD OF VIEW
illustrates the concept of field of view (FOV) , that is, the area of the retina to be visualized en face. The FOV is affected by ocular and nonocular factors. The key ocular factor is pupil size; the smaller the pupil, the smaller the FOV. Pharmacological pupil dilation increases FOV when transpupillary illumination is used. 2 In terms of nonocular factors, the FOV is necessarily constrained by the optics and artifacts specific to the instruments used.
A standard FOV can be defined as an internal angle of 30 degrees, a wide-field FOV as 80 degrees, and an ultra-widefield (UWF) FOV as 130 degrees (Table 1 shows FOV of various imaging devices).
HISTORY OF RETINAL VISUALIZATION
Helmholtz was the first to visualize the retina in vivo in human subjects in 1847. 3 Binocular indirect ophthalmoscopy (BIO), proposed by Toulon in 1861, was later commercialized by Schepens in 1945. 3 The first photograph of the human retina was captured in 1925 by Nordenson who, working with Carl Zeiss, created the first commercial fundus camera that produced a flat representation of a curved retinal surface subtending an external angle of 20 degrees. 4 The first commonly used contact-based widefield imaging system is the RetCam, which was developed by Massie and colleagues in 1997. 4 Staurenghi introduced a contact lens that provided up to 150 degrees FOV in 2005. 4 Noncontact imaging systems were developed after the introduction of scanning laser technology. In 2012 Heidelberg produced the Spectralis system that was able to capture UWF infrared and angiographic images. 4 In 2015 Optos produced the Optomap California system with 130-degree horizontal FOV and UWF fundus fluoroscein angiography (FFA) and indocyanine green (ICG) capabilities. Now, UWF imaging is able to extend to the ora serrata in certain situations: Spectralis images can be montaged to produce an ora-to-ora view of the adult retina 5 ; RetCam ( Fig. 2A) or Spectralis (Fig. 2B ) systems can be used in the operating room to view the pediatric ora with indentation; and the Optos system can be used to visualize the ora in the presence of an encircling band (Fig. 2C) .
Newer widefield imaging systems, which have not been used by the author, include the Panocam with 130-degree FOV 6 and 3nethra neo with 120-degree FOV. 7 Other devices in development include a pupil-dependent wireless camera 8 and a pupilindependent system, which uses a novel concept of transpalpebral From *Oxford Eye Hospital; and †Department of Paediatrics, Oxford University, Oxford, England. 
Area (% of Retina Visible)
Imaging devices are listed associated with the external angle (EA), internal angle (IA), and central angles (CA) that correspond to the area of an en-face single image measured in square millimeters and in parentheses as a proportion of the area corresponding to a theoretical area of 100% if ora to ora capture was possible in a single image.
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illumination through the pars plana. 9 
RETINAL VISUALIZATION IN PEDIATRIC PATIENTS USING OPTOMAP AND SPECTRALIS

Optomap
The Oxford Eye Unit has pioneered the use of Optomap in infants. 10 Figure 3A shows Optomap being used in the neonatal unit for retinopathy of prematurity (ROP) screening. The technique is described in detail:
Local anesthetic eye drops are instilled, an eyelid speculum is inserted, and the cornea is intermittently hydrated with saline. The "flying baby" technique is used to securely position the baby, with the neck extended slightly to bring the infant's face close to the camera aperture [black cross on blue circle (Fig. 3C) ]. The ocular alignment can be optimized by adjustment in relation to the grayscale monitor image.
The vestibulo-ocular reflex is used to encourage ocular alignment if the eye rotates out of the primary position. The index and ring finger of the hand supporting the chin can also be used to support an endotracheal tube, allowing ventilated babies to undergo imaging with full medical supervision in the neonatal intensive care unit (Fig. 3B) . We have posted an educational virtual reality video demonstrating the technique being used in our department. 11 We have previously described a technique for performing intravenous UWF FFA, 12 which has evolved into a team-based approach in which each member is responsible for a specific component of the procedure, facilitating a time-critical process. The protocol was developed after research into the role of Optomap imaging and angiography in the management of ROP. 13 
Spectralis
The Spectralis UWF imaging module can be used for obtaining grayscale, infrared, FFA, and ICG images individually or simultaneously in any child who is able to cooperate with fixation. It is possible to obtain optical coherence tomography (OCT) images in a supine infant using the Spectralis module. 14 We have previously described customization with a side arm that allows use in the operating room, 15 now commercially available (Flex 16 ). The close working distance of the module to eye has the potential FIGURE 3. Routine screening for retinopathy of prematurity using the "flying baby" technique (A) and with a ventilated baby (B) using the Optos (C).
for condensation artifact, which can be eliminated by generating air currents. 15 
APPLICATIONS OF UWF IMAGING Diagnosis
It is possible to obtain UWF images whether stable ocular fixation is present or not. In cooperative patients (5 years of age or older) Optomap images have been used to augment diagnosis of a range of posterior segment diseases, including retinal vascular diseases (Coats, familial exudative vitreoretinopathy, hemoglobinopathy, chorioretinitis, inherited retinal degenerations, leukemia, nevi, and retinoblastoma). 1, [17] [18] [19] [20] [21] Optomap images can also be obtained in patients with unstable ocular fixation, for example due to nystagmus, or poor cooperation (infants and children younger than 5 years old). In 2013, UWF images facilitated diagnosis of incontinentia pigmenti in an infant in the outpatient setting without anesthesia requirement. 10 Figure 4 illustrates Optomap images obtained through a poorly dilating pupil in a premature baby. The infant had developed retinal detachment after laser retinal photocoagulation for ROP and was referred for vitreoretinal surgery based on an ultrasound diagnosis of tractional retinal detachment. The UWF images excluded cicatrization, thereby establishing a diagnosis of postlaser exudative retinal detachment, which was managed medically rather than surgically.
Documentation
Ultra-widefield images have a key role in the documentation of clinical findings such as retinal hemorrhages and retinal folds. An application is in the assessment of abusive head trauma (also termed "nonaccidental injury") in infants. RetCam is the most frequently used widefield imaging system for documentation but has been shown to be unsuccessful in around of a fifth of cases. 22 Optomap images are an alternative option for suspected abusive head trauma in the outpatient setting and can be obtained with or without a speculum. 23 
Monitoring
Ultra-widefield imaging can aid postoperative monitoring. Figure 5 shows a 13-year-old patient who had undergone cryobuckle surgery for retinal detachment in whom subclinical subretinal fluid was detected on UWF imaging. This allowed further timely surgical intervention. Of note, the patient had nystagmus that prevented adequate slit lamp fundoscopy or BIO examination.
Image-Guided Treatment
The precision with which pediatric retinal vascular disease can be treated has improved in the past 2 decades, largely due to the ability to perform FFA under anesthesia with RetCam. 24 The Spectralis UWF can be used in the same way for the management of Coats disease, potentially allowing for complete laser therapy in 1 setting. Such precision is now also possible without anesthesia using the Optomap when managing complications of laser for ROP, for example, in a baby developing exudative retinal detachment. A baby born at 25 + 4 weeks of gestation weighing 725 grams developed severe ROP and was treated with diode laser photocoagulation of the retina at postnatal age (PNA) of 37 + 4 weeks with 1500 and 1460 burns applied to the right and left eye, respectively. Topical steroids were applied 4 times daily to both eyes after treatment. She was referred at PNA 39 + 3 weeks for management of retinal detachment in the left eye. She underwent assessment with BIO performed by a consultant and UWF imaging including FFA at PNA of 39 + 6 weeks 3 days after referral (Fig. 6) . A diagnosis of left retinal detachment secondary to effusion was made and treatment commenced with oral prednisolone at a dose of 4 mg/kg with 0.625 mg intravitreal Lucentis injected 7 days later at PNA 41 + 0 weeks (Fig. 7) . Additional FFA guided laser photocoagulation (300 burns) was applied at PNA 42 weeks (Fig. 8) to reduce the risk of ROP reoccurring. Oral prednisolone was then tapered every week by reducing to 3, 2, and 1 mg per kilogram. Ultra-widefield imaging was performed at PNA 41 + 0, 41 + 6, and 43 + 4 weeks with RetCam used for postlaser imaging. Ultra-widefield images can also be used to guide the application of laser photocoagulation Retinal oximetry shows how arteries carrying more oxygenated blood appear in warmer colors than veins in a premature baby without ROP.
FIGURE 11. Figure 11A shows zone 3, mild stage 2 ROP; B and C show severe stage 3 with plus disease in zones 1 and 2, respectively.
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posterior to the ridge in ROP. Posterior to the ridge laser for primary failure of treatment for ROP has been shown to be effective 25, 26 ; however, precision is required to reduce the risk of field loss from overtreatment. 13 
Screening
The reference standard for case detection in ROP screening is BIO. Imaging systems have an established role as an adjunct to screening, although are not endorsed as a replacement for BIO. 13, 27 A fundamental limitation of imaging is the inability to determine vascularization into zone 3-a key endpoint in determining when to terminate screening. Fleck 28 has shown that the junction of zone 2 and zone 3 is between 1.3 and 2.7 (median 1.8) disc diameters internal to the edge of the image for RetCam, when the retina is imaged temporally. Image quality sometimes limits this technique. Scleral indentation can be used during Optomap imaging and oral fluorescein angiography to visualize the ora serrata nasally (Fig. 9) ; again the reliability of this approach remains to be determined.
Research
The current clinical standard for measuring oxygen saturation is pulse oximetry. Optomap dual wavelength imaging can FIGURE 9 . An oral FFA is obtained 30 minutes after a milk feed to which fluorescein was added at a dose of 25 mg/kg. Indentation (black arrows) allows the ora serrata to be visualized directly (between the solid blue arrows).
measure the differential reflectance of oxyhemoglobin and deoxyhemoglobin, allowing the measurement of oxygen tension in the retina. This technology has been used in healthy neonates 29 and may have application in conditions where oxygen metabolism is affected such as ROP.
A pilot study of retinal oximetry in ROP was presented at a workshop on retinal oximetry by Mordant in 2014. 30 Figure  10 shows how a retinal artery differs from a vein with regard to reflectance, which is a function of oxygen saturation. Figure 11 shows Optomap color images of mild (A) and severe (B, C) ROP with corresponding retinal vascular and retinochoroidal oximetry for selected cases of ROP managed in Oxford (Figs. 12, 13 ). Further research is required in larger cohorts of babies with ROP to correlate retinal oximetry with disease severity. This may result in a new paradigm for disease management.
There may be a difference in physiological pain and distress evoked by BIO and UWF imaging in the context of ROP screening. Research is ongoing into the optimal approach for screening in this vulnerable population, using multimodal measures of nociception to fully characterize the infant pain response during ROP screening. 31 
CONCLUSIONS
Ultra-widefield imaging can be adapted for use in pediatric and neonatal populations, with successful application in screening, diagnosis, documentation, monitoring, and planning. New Retinal vessel oximetry shows that retinal veins seem more hyperoxemic as ROP severity increases from mild (A) to severe (B, C) and retinal arteriolar oxygen saturation seems to be relatively unchanged.
tools and approaches are in development that will continue to improve the outcomes of managing pediatric retinal disease.
